INTIDDUCTIRI
Niobium and tantalum are becoming increasingly important as structural materials for use at high temperatures. The mechanical properties on which such use is based are known to be greatly affected by the presence of small amounts of impurity atoms in the lattice. These properties are particularly sensitive to the presence of the gaseous elements oxygen, nitrogen, and hydrogen. It is therefore important to evaluate quantitatively the affinity of the metal for these gases. Thermodynamic data concerning the solution of gase: at very high temperatures up to the melting point and in the liquid phase woul, help define the conditions both wherein the metals absorb gases and wherein the gaseous impurities can be removed.
The present work seeks to provide such data by studying the equilibrium reactions of niobium and tantalum with oxygen and nitrogen at very high temperatures.
II. LITERATURE SURVEY
A literature survey on gases in niobium and tantalum was prepared to aid in planning the experimental parts of this program and has been issued as a separate report. This document, (NMI-9800), covers (1) structure and phase diagrams; (2) thermodynamic data; (3) disposition of gases in the metals and effect of gases on physical properties; (4) gas removal by vacuum annealing and (5) selected oxidation -reduction reactions.
III. EXPERIMENTS AND RESULTS

A. Materials
A double electron-beam vacuum-melted niobium rod 1 inch in diameter and 21 inches long was obtained from the Wah Chang Corp. of Albany, Oregon, and a 3.4 pound electron-beam vacuum-melted tantalum ingot was obtained from the National Research Corp. of Cambridge, Mass. The analyses reported by the suppliers are given in Table 1 .
The gases used were purified according to the following schemes:
Oxygen Tank oxygen ---Anhydrone --platinum asbestos at 300 0 C -1 
B. Analytical Procedure
Nitrogen was determined by means of the micro-Kjeldahl procedure developed at the MIT Metallurgical Project.(I) Samples were dissolved in platinum dishes with concentrated hydrofluoric acid and hydrogen peroxide.
Oxygen was determined with the aid of a National Research Corp. vacuum fusion unit. Samples were melted in a graphite crucible and the carbon monoxide evolved converted to CO 2 .-The difference in pressure before and after freezing out the CO2 was used as a measure of the oxygen content.
Hydrogen was determined by warm extraction at 1000 0 C. A National Research Corp. vacuum fusion unit was used and the pressure of hydrogen collected was read on a McLeod gage.
C. Apparatus
Thermodynamic data were obtained by equilibration of the gas at various pressures with metal at elevated temperature. The apparatus used for the equilibration is shown schematically in Fig. 1 and in a photograph in Fig. 2 . The sample consisting of a rectangular parallelepiped about 2 -m x 3 mm x 40 mm long was resistance heated to the test temperature between watercooled copper electrodes. The silica reaction chamber which held the sample is shown schematically in Fig. 3 . Samples were given a preliminary outgassing at 10 -6 mm HS for 5 minutes at a temperature near the melting point. The temperature of the sample.was then adjusted to the value required and purified gas admitted to the system.
D. Pressure Measurement and Control
A temperature gradient existed in the sample, since it was heated between water-cooled electrodes, the ends being much cooler than the uniform central zone. Portions of the sample near the ends were often in a temperature range where nitriding or oxidation converted that area to the nitride or oxide while the center zone, at a uniform higher temperature, may have been dissolving gas to form a solid solution. Thus, even after equilibrium wasestablished in the uniform temperature zone, areas forming nitride or oxide continually absorbed gas so that a slow bleed of gas into the system was needed to maintain constant pressure. This was achieved by the use of tapered stopcocks equipped with a fine control adjustment.
Data were obtained by approaching the composition in equilibrium with gas at a given pressure from compositions both above and below the equilibrium composition. In some experiments gas was bled in until the pressure reached the desired value and then was held constant for the duration of the rjun. In other experiments the gas pressure was brought to a"value considerably above (often a factor of 10 above) the final equilibrium pressure. The high pressure was maintained for a sufficient period of time to reach a steady state. Gas was then removed from the system, lowering the pressure to the equilibrium value being investigated. This latter pressure was then maintained for an additional pexiod of time in order to establish the final equilibrium. Chemical analysis indicated that the final concentration of gas in the metal was identical whether approached from above or below, and hence a true equilibrium was attained. 
Temperature Measurement
The temperature of the sample was maintained constant during the experiment by adjusting a vernier attached to a variable transformer which controlled the current through the sample. Temperatures were measured with an optical pyrometer calibrated at a wave length of 0.65 micron. An emissivity calibration correction was made by observing the temperature of a sample with a small hole drilled into it to a depth sufficient to approximate blackbody conditions (depth-to-breadth ratio of eight). The apparent temperature read from the surface of the specimen is lotted in Figs. 4 and 5 as a function of the black-body temperature read from the black-body hole. The emissivities near the melting points were calculated from the above data. The value of 0.362 for niobium is substantially different from the older value of 0.49. (2) The value of 0.352 for tantalum is in excellent agreement with the value of 0,350 reported by Glazier et al.)
The melting point of niobium was detemined as 2740 0 K, in agreement with a value of 2740 0 K reported by Schofieldm 4) and higher than the value of 26900K reported by Wilhelm et al.
(
)
The melting point of tantalum observed here was 3290 0 K, in agreement within experimental error of the value 32700K reported by Langmuir and Malter (6) During equilibration no attempt was made to correct emissivity values for changes due to the dissolution of nitrogen or oxygen in the metal or the appearance of a qhiny subnitride layer on the surface All samples were shiny upon examination after the conclusion of an experiment and it is believed that emissivity changes occurring during the course of equilibration, corresponding to temperature errors, were fairly small.
F Liquid Drop
Equilibration of the liquid phase was accomplished by suspending a liquid drop vertically in the center of the metal sample attached to the electrodes, Specimens were similar to those used in the solid phase studies but portions of the center were ground away so that the sample had the appearance of a flat tensile specimen. The tension between the electrodes had to be carefully controlled to offset the thermal expansion of the sample This control was accomplished by a series of reduction gears attached to the electrode and to a coarse and fine adjustment dial
In this way very small vertical adjustments of the top electrode relative to the fixed bottom electrode could be made It was also found possible, by adjusting the inter-electrode distance, to achieve fine adjustment of the temperature and to control instabilities developing in the drop due to vibration, Forcing the electrodes together would increase the drop diameter and decrease its length. The corresponding reduction in electrical resistivity of the compressed sample would decrease the over-all size of the drop. A photograph of a suspended molten drop is showm in Fig 6 The temperature of the drop was taken as the melting point. This value may be slightly in error due to superheating of the drop and to the change in melting point of the metal with dissolved nitrogen or oxygen, However, the thermodynamic data obtained from the solid phase experiments extrapolate smoothly to the liquid region, indicating that the temperature of the drop was probably not very different from the melting point of the pure metal.
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G.
Examination of Samples
Samples were examined metallographically after each experiment, and micro-hardness traverses were made on selected samples to insure the absence of a concentration gradient within the metal.
IV. RESULTS
A.
Equilibrium Data
Nitrogen
Data for the aioblum-nitrogen and taatalum-nitrogen systems are summarized in Tables 2 and 3 . The nitrogen pressures and times at temperature during equilibration are shown in columns 5 and 6 of the TaVles. Iz some cases preliminary gassings were made at pressures higher than the final equilibrium value so that the equilibrium contetration of nitrogen in the sample was approached from above, i.e., the sample expelled nitrogen as it approached equilibrium. Data for the preliminary high-pressure gassings are presented in columns 3 and 4.
Sievert's Law (which is a modification of Hetry's Law) states that at constant temperature the solubility of a diatomic gas in a'metal is proportional to the square root of the pressure:
This law should hold at low concentrattons of gas in the metal, where an ideal solid solution may exist. A Sievert's Law plot for niobium-nitrogen is shown in Fig. 7 . Samples containing between about 0.5 atomic percent nitrogen and the saturation values indicated in Fig. 7 consist of a dispersion of second-phase particles in the 9 iobium matrix as shown in Fig. 8 . The second phase is presumed to be Nb2N.7) Since isothermal diffusion In binary alloys cannot produce such a dispersed two-phase structure, the Nb 2 N must have precipitated upon quenching. Thus, all the nitrogen was present in solution at the elevated temperatures. Edge oi &ample is shown at top, and microhardness indentations are visible.
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Samples containing more than the solution limit of nitrogen were observed to consist of a scale of varying thickness surrounding a none contalning a dispersion of Nb N in a matrix of niobium saturated with nitrogen (see 2 A Sievert's law plot for tantalum-nitrogen is shown il Fig. 10 . No high-temperature solubility values of nitrogen ini tantalunt are available is the literature. On the basis of metallographic examination of the alloys, an approximate terminal solubility line is sketched in Fig. 10 . At the lowest temperature, 2390 0 C, the concentration varies linearly with the square root of pressure. At higher temperatures there is appreciable curvature beyond 6 atomic percent. Above the solid-solubility limit the data scatter widely, reflecting the extent to which Ta 2 5 was formed on a particular sample.
Samples quenched from high temperature avid containing up to about 11 atomic percent nitrogen exhibited no second-phase precipitate when examined metallographically.
The room temperature solubility of nitrogen in tantalum may, therefore, be as high as 11 atomic percent,or tantalum may be capable of retaining large amounts of nitrogen in supersaturated solution when quenched Lrom high temperature.
Gebhardt et al. (9) fix the room temperature solubility as less than 5 atomic percent.
In the composition range of about 11 atomic percent nitrogen to the solid solution limit, a dispersion of second-phase particles in the tantalum matrix is observed at room temperature, as shown in Fig. 11 .
Beyond the solid-solution limit a nitride layer is present as shown in Fig. 12 .
Quenched alloys containing from 25 to 28 atomic percent nitrogen exhibit complete nitriding of the tantalum. Brauer and Zapp(10) report a structure, referred to as Ta 2 N, wiVa .. homogeneity range of 29 to 33 atomic percent nitrogen, while Schonberg(ll) reports the homogeneity range from 28 to 31 atomic percent nitrogen. Ta 2 N is, thus, nonstoichiometric and its composition depends on the temperature and external nitrogen pressure.
Qjgen
Data for the niobium-oxygen and tantalum-oxygen systems are summarized in Tables 4 and 5 , and Sievert's law plots are shown in Figs. 13 and 14. The scatter of data in the oxygen-metal systems is much larger than that obtained in the nitrogen-metal systems.
This may be due in part to the necessity of working at low pressures in the oxygen systems, where the error in reading the pressure may be appreciable.
The temperatures used in this investigation are above the melting points of the metal oxides, so no oxide scale can form on the sample.
The maximum concentration of oxyget which can be obtained in a metal-oxygen alloy at a particular temperature is limited to a value corresponding to the composition of the solidus point at that temperaturs.
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Fi, -Central zone of Nb N dispersed ie a niobium matrix surrounded iythree large grains of Nb N. Sample was equilibrated for 1 hour at 241OoC to anittogeai at a pressure of 100 mn-Hg. nitrogen data as shown in Fig. 7 , but a curious solubility inversion exists in the tantalumeoxygen system. Tantalum-oxygen solutions are less stable at 2850 C than they are at 2960 0 C, or in the liquid; a given pressure of oxygen will result in a more concentrated solution at 2960oC than at 2850 C. If these data can be extrapolated to lower pressures, it would suggest that vacuum degassing at high temperatures in the solid phase can result in a lower ultimate oxygen concentration than can be 'obtained by electron-beam vacuummelting. The rate of. oxygen removal of the liquid will undoubtedly be more rapid than in the solid, but the ultimate attainable oxygen concentration is lowest at some temperature below the melting p'oint. Additional work is needed in this area to confirm these results and to establish the optimum temperature' for gas removal.
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Metallographic examination at room temperature revesled that niobium alloys containing more than about. 7 atomic percent oxygen exhibited a secondphase precipitate, probably NbO (see Fig. 15 ). All tantalum alloys examined were uniform.
Hydrogen
Niobium and tantalum are known to absorb hydrogen exothermally into solid solution. Systems such as these are characterized by the decreasing solubility of hydrogen with increasing temperature. Consequently, it was anticipated that the solubility of hydrogen in niobium and tantalum at temperatures near their respective melting points would be very small.
Measurement of the equilibrium solubility of hydrogen in niobium and tantalum at temperatures near the melting point is complicated by the very rapid rate of diffusion of hydrogen in the metals aL high temperature. The metals may rapidly absorb appreciable quantities of hydrogen while cooling in the hydrogen atmosphere from the test temperature to room temperature, even with cooling rates of the order of 200 C per second as obtained in the apparatus used in this study. Since at the conclusion of an experiment the sample would contain both hydrogen absorbed during equilibration with the hydrogen zitmosphere at the test temperature, and hydrogen absorbed during cooling, an experiment was performed in order to evaluate the contribution of the hydrogen absorbed on cooling to the total hydrogen content of the sample. The pressure drop >n cooling was measured using first niobium and tantalum samples which had been equilibrated with hydrogen and, second, tungsten "dummy" samples identical in size to the niobium and tantalum samples. Tungsten does not absorb a significant quantity of hydrogen. The pressure drop on cooling using a tungsten sample is due only to the change in temperature of the gas, while the pressure decrease using a niobium or tantalum sample is due both to the cooling of the sample and to the absorption of hydrogen during cooling.
Experiments with tantalum at 2850C and niobium at. 2280 0 C in hydrogen at 700 mg-Hg indicate that, within experimental error, all the hydrogen absorbed by the samples was absoLbed during cooling. The solubility of hydrogen in niobium and tantalum at temperatures near their respective melting points is estimated as 0 to 100 ppm. 
Thermodynamic Data
The partial molar free energy ( F) of dissociation of a solid solution of a gas in a metal is given by the expression
where R is the gas constant, T is the absolute temperature, and P is the equilibrium pressure.
The variation of the partial molar free energy of dissociation of solid solutions of nitrogen in niobium and tantalum with concentration are depicted in Figs. 16 and 17 . Values of A Y are for one mole of nitrogen, i.e., for the reaction yNbN 2 -yNb + N 2 . According to the fundamental nature of the y free energy of solution, the affinity of the metal for nitrogen increases with decreasing concentration. Partial molar free energies are observed to increase with decreasing temperature, indicating that the increased stability of the solid solution at lower temperature. Throughout the region beyond the solution limit where the reaction (Nb or Ta)Nsat + N 2 ---> (Nb or Ta) 2 N i& occurring, the partial molar free energy becomes invariant, and would be represented by a horizontal line out to the lower limit of composition of (Nb or Ta) 2N.
The relation between the partial molar and integral values of the free energy of dissociation is given by the equation 
